Nuclear Stopping Powers

Screened Coulomb Potential
Because of the sparsity of experimental information, nuclear stopping powers are usually obtained by calculating first the cross section for the elastic Coulomb scattering of heavy charged particles by target atoms, and then the transfer of energy to recoiling atoms in such collisions. The interaction between the projectile and the target atom can be described in terms of a potential function (4.1)
The first factor in Eq. (4.1) is the Coulomb potential for two bare nuclei with charges ez and eZ. The factor Fs(r/rs) takes into account the screening by atomic electrons. The extent of screening is characterized by the screening length, rs. The simplest approach is to use single-atom screening functions. Commonly used prescriptions for the screening length are where rB = h 2 /me 2 is the Bohr radius and 0.88534 = (9,r)1/32-7/3 is a numerical constant from the Thomas-Fermi model of the atom.
Inter-atomic potentials that take into account the electron clouds around the nuclei of the projectile and target atoms have been calculated by various authors, including Wilson et al. (1977) , Bister et al. (1979), and Ziegler et al. (1985) . Potentials were obtained by these authors for various combinations of projectile and target atoms, and from these results average or typical potentials were constructed and used to calculate elastic-scattering cross sections and nuclear stopping powers. Ziegler and co-workers carried out calculations for more than 500 projectile-target combinations, and were able to approximate this large body of numerical results rather accurately by what they call a "universal" screening function This potential was used in the present report for the 41 calculation of nuclear stopping powers for alpha particles. The main reason for this choice was that the elastic-scattering cross sections and nuclear stopping powers obtained with this universal potential predict the penetration of heavy ions rather well when used in Monte Carlo transport calculations. Especially pertinent is the good agreement obtained with the extensive measurements of ion-implantation range-profiles for 3He ions reported by Fink et al. (1987) for ions with energies between 50 and 1500 keY in 30 solid elemental targets.
The inter-atomic potentials discussed above are intended for applications mainly to alpha particles and heavier ions. As already mentioned in Section 3.1, it is plausible that the charge state of low-energy protons is unity even at very low energies (at least in solids). Thus, protons are expected to travel through matter as bare positive charges without any attached electrons. For protons, a screened Coulomb potential based on the Thomas-Fermi model was used (Moliere, 1947) , with a screening length
and a screening function (4.6)
Elastic-Scattering Cross Section
For a particle scattered in a central potential VCr), the deflection angle e (in the center-of-mass system) is obtained in a classical-mechanics trajectory calculation as a function of the impact parameter, p (Mott and Massey, 1965):
where r min is the distance of closest approach, for which the expression in square brackets in Eq. (4.7) vanishes. Tern is the particle energy in the center-ofmass system, given by
where T is the energy in the laboratory system, and M and M t are the masses of the projectile and target atom. In the numerical evaluation of Eq. (4.8) and other formulas in Section 4, the ratio M / M t was replaced by the ratio of the atomic weight of the projectile to that of the target. Equation (4.7) was solved numerically, usingproce- 
Scaled Nuclear Stopping Powers
According to Eq. (1.2), the mass nuclear stopping power is obtained as a weighted integral over the differential elastic scattering cross section. Combining this with Eq. (4.9), one finds that 1 f oo dp p Snuc(T) = -2TrN J o p de wee, T) dp , where the energy transfer to the recoiling wee, T), is given by wee, T) = w M sin 2 ((}/ 2), is the maximum possible energy transfer in an elastic collision. The use of classical mechanics for the calculation of the nuclear stopping power is justified, strictly speaking, only when the wavelength, A, of the projectile is smaller than the collision diameter (4.13)
For protons, the quantum-mechanical elasticscattering cross section of Moliere (1947) was used instead of the cross section from Eq. (4.9) above an energy whose value, in MeV, was chosen to be Z / 10. At this energy, the ratio of wavelength to collision diameter AID, has the values 0.81, 0.36, and 0.10 for atomic numbers Z = 1, 6, and 79, respectively. Actually the nuclear stopping powers calculated on a classical and quantum-mechanical basis were found to differ only slightly even at energies for which AJD > 1. These formulas are accurate to within 1 percent for l' < 3, and to within 5 percent or better for l' > 3.
Because the screening function
In order to indicate the sensitivity of the nuclear stopping powers to the assumed inter-atomic potential, results obtained with different potentials are compared in Figure 4 .1 for alpha particles in C, AJ and Au. The comparisons include nuclear stopping powers calculated with the universal Ziegler-Biersack-Littmark potential, with Moliere's Thomas-Fermi potential, with a potential calculated by Bister et al. (1979) and with a potential deduced from experimental data by Kalbitzer et al. (1976) .
Angle-Restricted Nuclear Stopping Powers
In the interpretation of stopping-power experiments, the question arises to what extent the contri-
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bution from the nuclear stopping power is included in the measured total stopping power. Suppose, for example, that a beam of particles impinges perpendicularly on a foil, and that the energies of the particles emerging from the foil are measured by a detector which accepts particles only in a narrow cone around the forward direction. One or several elastic scattering events in the foil resulting in a large energy loss (and therefore a large deflection) are likely to remove the particle from the cone of acceptance, so that the experiment would, in effect, measure only the electronic stopping power. On the other hand, if the foil is used as a calorimeter to determine the energy loss, contributions from elastic collisions are included, regardless of the magnitude of the deflections, and the sum of the electronic and nuclear stopping powers is measured.
Detailed transport calculations (most easily done by the Monte Carlo method) would be necessary to account for the loss of particles from the beam in order to obtain the necessary corrections to stoppingpower measurements. In order to indicate at least the order of magnitude of the expected effect, anglerestricted nuclear stopping powers were calculated in a few cases. These quantities include contributions only from elastic collisions that result in deflections smaller than some assigned cut-off angle 8 L (in the laboratory system). The calculation of angle-restricted nuclear stopping powers is easily done by extending the integral with respect to the deflection angle 8 on the right-hand side ofEq. (4.10) only to an upper limit 8 e instead of 7r. The cut-off angle in the center-of-mass system is given by 8 e = cos-1 (cos 8 L [1 -(M/M t ) 2 sin 2 8d 1f2 -(M/M t )2 sin 2 8d.
(4.17)
The reduction of nuclear stopping powers as a function of the cut-off angle 8 L is shown in Figure 4 .2 for protons and alpha particles in carbon and gold.
